Abstract Acidification of ocean surface waters by anthropogenic carbon dioxide (CO 2 ) emissions is a currently developing scenario that warrants a broadening of research foci in the study of acid-base physiology. Recent studies working with environmentally relevant CO 2 levels, indicate that some echinoderms and molluscs reduce metabolic rates, soft tissue growth and calcification during hypercapnic exposure. In contrast to all prior invertebrate species studied so far, growth trials with the cuttlefish Sepia officinalis found no indication of reduced growth or calcification performance during long-term exposure to 0.6 kPa CO 2 . It is hypothesized that the differing sensitivities to elevated seawater pCO 2 could be explained by taxa specific differences in acid-base regulatory capacity. In this study, we examined the acid-base regulatory ability of S. officinalis in vivo, using a specially modified cannulation technique as well as 31 P NMR spectroscopy. During acute exposure to 0.6 kPa CO 2 , S. officinalis rapidly increased its blood [HCO 3 -] to 10.4 mM through active ion-transport processes, and partially compensated the hypercapnia induced respiratory acidosis. A minor decrease in intracellular pH (pH i ) and stable intracellular phosphagen levels indicated efficient pH i regulation. We conclude that S. officinalis is not only an efficient acidbase regulator, but is also able to do so without disturbing metabolic equilibria in characteristic tissues or compromising aerobic capacities. The cuttlefish did not exhibit acute intolerance to hypercapnia that has been hypothesized for more active cephalopod species (squid). Even though blood pH (pHe) remained 0.18 pH units below control values, arterial O 2 saturation was not compromised in S. officinalis because of the comparatively lower pH sensitivity of oxygen binding to its blood pigment. This raises questions concerning the potentially broad range of sensitivity to changes in acid-base status amongst invertebrates, as well as to the underlying mechanistic origins. Further studies are needed to better characterize the connection between acid-base status and animal fitness in various marine species.
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Introduction
Physiological studies that examined acid-base regulation in marine organisms have traditionally focused on the maintenance of acid-base homeostasis during exercise or hypoxia induced metabolic depression. A currently developing scenario that warrants a broadening of research foci in the study of acid-base physiology is the acidification of ocean surface waters by anthropogenic carbon dioxide (CO 2 ) emissions. It is projected that average surface ocean pH could decrease by 0.14-0.35 units from pre-industrial values by the year 2100 (Intergovernmental Panel on Climate Change 2007). This would correspond to an increase in seawater pCO 2 from the current value of 0.04 kPa, to values [0.1 kPa. In the study of hypercapnia effects on marine organisms, the physiological literature has primarily focused on elaborating mechanistic acidbase regulatory processes in fish and crustaceans using very high CO 2 levels, ranging from 1 to 8 kPa (e.g. Heisler 1986; Cameron 1986 ). Information on physiological effects resulting from exposure to moderately elevated pCO 2 is very limited (reviewed in Fabry et al. 2008) .
However, recent growth trial studies indicate that some echinoderms and molluscs reduce metabolic rates, soft tissue growth and calcification during long-term exposure to hypercapnia. Working with pCO 2 values that were only 0.02 kPa elevated above current levels, Shirayama and Thornton (2005) documented a 21 and 12% decrease in growth over a 6 month period in the sea urchin Echinometra mathaei and the gastropod Strombus luhuanus. Interestingly, in the molluscs examined to date, effects of elevated pCO 2 differ between classes. While the bivalve Mytilus galloprovincialis was shown to experience growth and metabolic reductions of 55 and 65%, respectively, when exposed to ca. 0.5 kPa CO 2 (Michaelidis et al. 2005) , cephalopod molluscs appear to be surprisingly tolerant to similar pCO 2 values. In contrast to all prior invertebrate species studied so far, growth trials with the cuttlefish Sepia officinalis, conducted under conditions of 0.4 and 0.6 kPa CO 2 , found no indication of reduced growth or calcification performance. Growth rates in excess of 3.5% day -1 were conserved over the course of 6-week trials. In addition, food assimilation efficiencies remained at control levels, as did routine metabolic rates (Gutowska et al. 2008) . How S. officinalis differs from the bivalve physiotype in its ability to conserve growth and calcification under hypercapnic conditions, is unknown at present. However, taxa specific differences in acid-base regulatory capacity may be a crucial factor that could explain differing sensitivities (Pörtner et al. 2004; Pörtner 2008; Melzner et al. 2009 ).
Incomplete compensation of extracellular pH (pHe) during acute exposure to hypercapnia has been documented in some of the marine invertebrate groups that do not maintain growth and calcification rates during long-term hypercapnic incubations. Both the sea urchin Psammechinus miliaris and the mussel Mytilus galloprovincialis exhibited a decrease in pHe of at least 0.2 pH units, following 8 days of exposure to hypercapnia between 0.2 and 0.5 kPa CO 2 (Michaelidis et al. 2005; Miles et al. 2007 ).
The association of uncompensated acidosis in the extracellular space with the onset of metabolic depression during hypercapnia, has been proposed in a recent model (Reipschlager and Pörtner 1996; Pörtner et al. 2004) . In contrast, teleost fish, which are known to have very strong acid-base regulatory abilities (Heisler 1989; Claiborne 1998; Evans et al. 2005) , are able to maintain their growth rates under comparatively high pCO 2 levels. Long-term studies with adult Anarichus minor and Salmo salar smolts, have found conserved growth rates and condition indices at pCO 2 levels up to 1 kPa (Fivelstad et al. 2003; Foss et al. 2003) . Maintained growth rates in the cuttlefish S. officinalis under moderately elevated CO 2 could reflect higher acid-base regulatory abilities as compared to other marine invertebrates.
An uncompensated extracellular acidosis, has the potential to not only depress metabolism, but also to effect the performance of extracellular oxygen binding pigments that are directly exposed to changing physiochemical conditions. A hypercapnia induced decrease in pHe would most dramatically affect the functional capacity of pigments whose oxygen loading and unloading capacity is very sensitive to pH changes (=those with a high Bohr coefficient (Bohr et al. 1904) ). Cephalopods are one of the invertebrate groups whose hemocyanins have particularly high Bohr coefficients (Redfield and Goodkind 1929; Bridges 1994) . The fine tuning of maximal oxygen loading at the gills and unloading in the tissues helps support their extremely high metabolic rates. Oceanic squid species (e.g. Illex illecebrosus), who have some of the highest metabolic rates and Bohr coefficients amongst all cephalopods, have been predicted to be one of the most acutely sensitive marine organisms to ocean acidification (Pörtner et al. 2004 ). In the first study to directly test this hypothesis, the epipelagic squid Dosidicus gigas was shown to depress metabolic rates by 31%, and activity levels by 45%, during acute exposure to 0.1 kPa CO 2 (Rosa and Seibel 2008) .
Even though cuttlefish are not as highly 'tuned' as oceanic squid, they could also be potentially sensitive to hypercapnic conditions in seawater due to the pH sensitivity of their oxygen binding pigment. We set out to study the acid-base regulatory ability of the cuttlefish S. officinalis and to determine to what extent it is capable of compensating its pHe during acute exposure to 0.6 kPa CO 2 . We were also interested in examining to what extent hemocyanin oxygen transport would be affected. We successfully developed a cannulation technique to acquire high-quality blood samples for the determination of pO2, pH and C CO 2 : In addition, we used in vivo 31 P NMR spectroscopy to measure intracellular pH and high energy phosphates in the mantle muscle of S. officinalis during acute hypercapnic exposure.
Materials and methods

Animals
European cuttlefish (S. officinalis) egg clusters were collected in the Bay of Seine (Normandy, France) in May 2005. The cuttlefish were hatched and raised at the Alfred Wegener Institute (AWI, Bremerhaven, Germany) in a closed recirculating system (20 m 3 total volume, protein skimmers, nitrification filters, UV-disinfection units) at S = 32-34 ppt, T = 15 ± 0.1°C, pH 7.9-8.2, constant dark:light cycle (12 h:12 h). Water quality parameters were monitored weekly and concentrations of ammonia and nitrite were kept below 0.2 mg l -1 , and nitrate below 80 mg l -1 . The animals were initially fed a daily diet consisting of live mysids (Neomysis integer) and progressively transitioned to frozen brown shrimp (Crangon crangon). Five animals (555 ± 195 g wet mass, mean value ± s.d.) were used for the cannulation experiment, and another five (110 ± 16 g) for in vivo 31 P NMR spectroscopy studies on mantle muscle. All experiments complied with German animal experimentation laws.
Experiment 1: in vivo cannulation measurement of ventilation rate, blood pO 2 and acid-base parameters in response to acute hypercapnia
Experimental protocol
Sepia officinalis individuals were starved for 24 h prior to surgery within the experimental aquarium system. Surgery was performed in the afternoon of the first day and the animals recovered overnight under control conditions. Control blood parameters were measured the morning of the second day after which the gas supply of the aquarium system was then switched over to a CO 2 -air mixture produced by a gas flow controller (GSV-19, MKS Instruments, Andover, USA). Hypercapnic conditions were observed to stabilize after 4 h at seawater pH 7.10 ± 0.04 and a pCO 2 of 0.60 ± 0.05 kPa (Table 1) . Changes in seawater pCO 2 and [HCO 3 -] were calculated from pHNBS and CO 2 content (C CO 2 ) (see gas chromatography method below) with the open-source software CO2SYS (Lewis and Wallace 1998) using the dissociation constants of Mehrbach et al. (1973) as refitted by Dickson and Millero (1987) . Ventilation rates of the cuttlefish were measured continuously over the course of the experiment. The time course of blood sampling was adjusted for each individual to avoid periods of high activity within the experimental setup (e.g. 'routine jetting', see Melzner et al. 2007a, b) during the 48-h CO 2 exposure. At the end of the experiment, animals were narcotized, killed, and blood was collected from all individuals for in vitro analyses, and pH/ oxygen optode calibration.
Anesthesia and implantation of pressure catheter
Pressure catheters were inserted into the mantle cavity as described in detail in Melzner et al. (2006a) . Briefly, individual animals were first anesthetized in oxygenated seawater that was mixed 1:1 with a 0.4 mol l -1 MgCl 2 solution (Messenger et al. 1985) . Muscle relaxation occurred within 3-5 min, animals were then placed ventral side up on a wet leather cloth, soaked with seawater, to prevent skin damage. During surgery the mantle cavity was perfused with aerated anesthetic (0.04 mol l -1 MgCl 2 ) flowing over both gills.
Catheters were constructed from 0.8 m long PE tubing (Portex PE tubing, I.D. 0.58 mm; O.D. 0.96 mm), and connected to 23 gauge hypodermic needles on one end and flared, into a disc shape, at the other. For the recording of postbranchial pressure oscillations, the PE catheter was led through the full length of the mantle cavity and finally punctured through the posterior ventro-lateral section of the mantle muscle.
Cannulation of the cephalic vein
After successfully implanting the pressure catheter, a second catheter was inserted into the readily accessible part of the anterior cephalic vein (AVC) between its anterior muscular chamber and the forking into the two vena cava branches (Tompsett 1939) according to Melzner (2005) . The vessel was exposed by ''unsnapping'' the funnel from the ventral mantle, and was punctured with a modified syringe needle (23 gauge) that was connected to a PE catheter (Portex PE tubing, I.D. 0.58 mm; O.D. 0.96 mm). The catheter was bent 2-4 cm from the front end (depending on the size of the animal) by about 140°, and was completely filled with filtered (0.2 lm) seawater to avoid air bubbles entering the vessel. The needle was tied to the wall of the vessel with a fine surgical suture (Ethicon #N271H, Johnson and Johnson, USA). Three additional sutures were made along the course of the tubing, making use of the larger footing of the available arches, to further stabilize the implanted catheter on the underlying musculature and connective tissue (Fig. S1 ). All sutures were sealed with cyanoacrylate glue (Hylo Gel, Marston Oelchemie, Germany). The catheter left the mantle cavity at its lateral anterior end, carefully positioned to minimize interference with the activity of the collar flaps, the muscle sheets that create the ventilatory current. ''Resnapping'' the funnel to the mantle completed surgery. The total surgery time did not exceed 20 min.
Experimental aquarium system and ventilation measurements
Following surgery, the animals were returned to the experimental setup. The experimental aquarium system consisted of a small animal chamber (20 l volume, with a long lateral opening at the bottom) that was standing inside a thermostatted 17.1 ± 0.2°C aquarium which had a total water volume of 200 l. The animal chamber was darkened and perfused at a rate of 5 l per min. Within the chamber, the swimming movements of the cuttlefish were limited with cushioned plastic grids. The catheters were fed through the lateral slit in the chamber wall, and attached to their respective instruments. Water quality was maintained using a 12 W UV-sterilizer and a nitrification filter (Pro2, Eheim, Deizisau, Germany), ammonia and nitrite values were maintained below 0.1 mg l -1
. A full water change was done in the system after each experimental animal.
The implanted pressure catheter was connected to a MLT 0380 reusable pressure transducer; signals were amplified with a ML-110 bridge amplifier and further fed into a PowerLab/8SP data acquisition system (all ADInstruments GmbH, Spechbach, Germany). Pressure transducers were calibrated before every experiment, data acquisition was performed at a rate of 40 Hz. Pressure in the cephalopod mantle cavity is generated to create both a ventilatory water stream past the gills and to enable swimming and escape movements by means of jet propulsion. While ventilatory pressure oscillations are of low amplitude, the latter can reach amplitudes of up to 25 kPa (Wells and Wells 1991) . According to the results of Bone et al. (1994) pressure amplitudes [0.5 kPa were defined as swimming jets. Data evaluation for ventilatory frequency, as well as blood sampling, was accordingly carried out during non jetting periods. Mean ventilatory frequency in beats per minute (bpm) was determined in 20 min sections for every hour.
Blood pO 2 and acid-base parameter measurements
Blood samples were gently pulled with syringes through the AVC catheter. At each sampling point, blood was initially pulled through a prep syringe, 100 ll were then pulled with a gas-tight Hamilton syringe for blood CO 2 content determinations, and 200 ll were pulled with a modified plastic syringe for pH and pO 2 measurements. After completion of the pH and pO 2 measurements the blood was returned to the animal along with 100 ll of sterilized SW to replace the missing blood. pH and pO 2 measurements were performed simultaneously using optical sensors (pH HPS-OIW and O 2 PSt1, PreSens, Regensburg, Germany) that were implanted into 1 ml plastic syringes, such that the tips reached 3 mm inside the syringe. Positioning of the optodes near the tip of the syringe made it possible to measure pH and pO 2 in approximately 100 ll of blood (Fig. S2) . The syringe was submerged into the thermostatted water of the outer aquarium. Optodes were connected to Microx_H and Microx TX2-A units (PreSens, Regensburg, Germany), data were recorded using software supplied by the manufacturer. Each measurement lasted no longer than 10 min.
The total dissolved inorganic carbon content (C CO 2 ) of blood and seawater samples was analyzed using a modification of the gas chromatographic method outlined by (Lenfant and Aucutt 1966) , which has been previously modified by Boutilier et al. (1985) and Pörtner et al. (1990) . The underlying concept of this method involves the use of acid to liberate sample C CO 2 into the gas phase, for subsequent measurement with a gas chromatograph. Blood (30 ll) and seawater (200 ll) samples were injected into 10 ml gas-tight vials filled with 3 ml of air equilibrated, 0.1 M HCl. Vials were processed using an automated headspace sampler (G188 Agilent Technologies, Santa Clara, Unites States). The gas phase was then injected into a gas chromatograph (6890 N Agilent Technologies) equipped with a thermal conductivity detector: split inlet ratio 2.67:1, HP-PLOT Q column (carrier gas helium, flow rate 3.2 mL/min, oven temperature 60°C). Calibration of the system was performed with NaHCO 3 standards diluted in distilled water adjusted to pH 7.0 and a salinity of 32 ppt. Data was processed using software provided by the supplier.
Blood pCO 2 and [HCO 3 -] were calculated from pHe and C CO 2 measurements for each individual animal, using the following forms of the Henderson-Hasselbach equation:
where a is the solubility coefficient of CO 2 (0.047 mmol l -1 torr -1 ) and pK 0 1 , the first apparent dissociation constant of carbonic acid (6.020). Both a and pK 0 1 were calculated for 17°C and 32 ppt from (Truchot 1976 ) values for Carcinus maenus hemolymph. The use of constants determined in a decapod for calculations in S. officinialis, is warranted by the similarity in extracellular hemocyanin concentration, cellular fraction and ionic composition between the two groups.
After completion of the experiment, animals were anesthesized in the experimental chamber with 2% Ethanol and their blood was collected. The blood was centrifuged at 10,000g for 20 min at 0°C (5810R Eppendorf, Hamburg, Germany) and the collected serum was divided, with the majority being frozen at -20°C for further in vitro studies (see below). The remaining serum was used to calibrate the pH optodes. Three ml of serum were equilibrated in a tonometer (237 Instrumentation Laboratories GmbH, Kirchheim, Germany) with various pCO 2 gas mixtures supplied by a gas-mixing pump (5KM402/a-F, Wösthoff GmbH, Bochum, Germany). pH was measured in the serum with a glass electrode (SenTix 81, WTW GmbH, Weilheim, Germany), and a regression was calculated for the relationship between optode phase angle and measured pH in between pH 7.2 and 8.0. pO 2 optodes were calibrated according to the manufacturer's instructions.
In vitro measurements of blood non-bicarbonate buffer value and cation composition Serum was thawed on ice and equilibrated with CO 2 -O 2 -N 2 mixtures in a tonometer (O 2 = 21%, N 2 , CO 2 = variable fractions). At set pH values, 100 ll of blood were removed from the tonometer and analyzed for C CO 2 .
[HCO 3 -] was calculated from pH and C CO 2 values, as described above. The non-bicarbonate buffer value for S. officinalis blood was derived from the linear regression of a pH-bicarbonate graph.
Experiment 2: determination of in vivo mantle muscle pH i and adenylates using 31 P NMR spectroscopy
Experimental protocol
Experimental animals were starved for 24 h and placed in the experimental set-up at noon of the first day. Control in vivo 31 P NMR spectra were acquired overnight and until noon of the second day. From the second day onward, the experimental system was equilibrated with air containing 0.60 ± 0.05 kPa CO 2 (Table 1) . Hypercapnic conditions stabilized within the same time frame as in the cannulation experiment. The primary focus of the in vivo 31 P NMR measurements was to monitor the changes in mantle muscle intracellular pH under hypercapnia.
In vivo 31 P NMR spectroscopy setup and measurements
Animals were placed in a Perspex perfusion chamber analogous to the one used by (Melzner et al. 2006a, b) . Plastic sliders within the chamber were adjusted to restrict the amount of space available to the animal for movement, allowing for enough space to guarantee unrestrained ventilatory movements. The chamber was connected to a closed recirculation seawater system and placed within the magnet as described by Bock et al. (2002) . Water quality was maintained with a nitrification filter (Eheim Pro2; Eheim, Deizisau, Germany). Water quality parameters were kept within the limits stated above, and all of the system water was replaced after each individual experimental animal.
In vivo 31 P NMR spectroscopy experiments were performed as described by Melzner et al. (2006a, b) . Measurements were made in a 47/40 Bruker Biospec DBX system with a 40 cm horizontal wide bore and actively shielded gradient coils (50 mT m -1 ). A 5 cm triple tunable 1 H/ 31 P/ 13 C surface coil was used for excitation and signal reception. The coil was placed directly under the animal chamber in such a way to maximize the signal from the posterior mantle muscle section. The position and specific excitation volume of the surface coil were checked by collecting Pilot scans in all three directions using a classical Flash sequence right before the start of the experiments. In vivo 31 P NMR spectra [sweep width, 5,000 Hz; flip angle, 45°(pulse shape bp 32; pulse length 200 ls); repetition time (TR), 1 s; scans, 256; duration, 3 min 40 s] were acquired every 21.3 min to measure pH i . Changes in pH i were represented by the position of the Pi signal relative to the position of the PLA signal. pH i was calculated using the PLA versus Pi shift equation obtained by Doumen and Ellington (1992) , using a pK a value determined by Pörtner (1990) for an ionic strength of I = 0.16. Temperature compensation of the tritration curve was applied according to (Kost 1990; Bock et al. 2001) .
31 P NMR spectra were processed automatically using TopSpin V1.0 software (BrukerBioSpin MRI GmbH, Ettlingen, Germany) and a macro (written by R.-M. Witting, AWI) to finally yield integrals of all major peaks within the spectrum (Bock et al. 2001) . Concentrations of metabolites, inorganic phosphate (Pi) and phospho-L-arginine (PLA), were expressed as a ratio owing to large changes in overall in vivo 31 P NMR signal intensities due to animal movement artifacts.
Statistics
Results were analyzed using GraphPad Prism 4. Analysis of variance (ANOVA) and Dunnett's multiple comparison tests were carried out to assess the significance of differences between control and treatment groups. Deviations from nonlinear regression models were tested for significance using a Runs Test. Nonlinear regression analysis are plotted with 95% confidence intervals. Values are expressed as means ± SD, n = 4-6.
Results
The time course of changes in extracellular acid-base status was examined in cannulated specimens of S. officinalis in response to acute hypercapnia. Cuttlefish were maintained in darkened aquaria under control conditions for 20 h before being exposed to 0.6 kPa (4.5 T) CO 2 . Figure 1 illustrates the changes in seawater pH, [HCO 3 -] and pCO 2 during the first 8 h of hypercapnic exposure. The following nonlinear regression fits represent the time course of changes in seawater parameters; pCO 2 and [HCO 3 -] third order polynomial, pH exponential decay. Changes in blood acid-base parameters are also represented in Fig. 1 for two exemplary animals whose catheters remained open for sampling during the entire period. This allowed for high resolution determination of blood values during the initial stages of acute hypercapnia exposure. The data from these animals are representative of mean values calculated for blood acid-base parameters in all of the animals at selected time points.
pCO 2 increased in the blood of the cuttlefish with nearly no temporal delay in relation to increasing ambient pCO 2 (Fig. 1a) . The change in seawater pCO 2 , and subsequent diffusion into the extracellular space of the cuttlefish, was complete after 4 h. The decrease in pH also appeared immediately in the blood with the onset of hypercapnic conditions. However, blood pH only decreased by approximately 0.2 pH units in comparison to the nearly 1 pH unit drop in seawater pH (Fig. 1b) . Active and rapid proton equivalent ion exchange by the experimental cuttlefish was clearly evident. After 6 h of hypercapnic exposure, blood [HCO 3 -] were nearly fourfold higher than seawater [HCO 3 -]. Control extracellular acid-base parameters, in cannulated S. officinalis, were pH 7.67 ± 0.05, [HCO 3 -] = 3.38 ± 0.12 mM, pCO 2 = 0.22 ± 0.03 kPa (1.65 ± 0.23 T) (Fig. 2) . A new extracellular steady state value of 0.98 ± 0.03 kPa was calculated for blood pCO 2 during acute exposure to 0.6 kPa CO 2 . Blood pH decreased to 7.49 ± 0.02 after only 3 h of hypercapnia, and remained stable at this value for the remainder of the 48 h exposure. Within 24 h, blood [HCO 3 -] rose to a new steady state level of 10.37 ± 0.46 mM. However, this large increase in blood was not sufficient to fully compensate the extracellular acidosis, blood pH remained approximately 0.2 pH units lower than control values over the entire 48 h exposure period (Figs. 2, 3) .
The acid-base regulatory response of S. officinalis is further depicted in a pH-bicarbonate diagram (Davenport diagram) (Fig. 3) . The non-bicarbonate buffer value (b NB ) of S. officinalis blood was determined to equal 10 mEq l -1 pH -1 . Within the first hours of hypercapnic exposure, the cuttlefish exhibited partial compensation of the respiratory acidosis through active proton equivalent ion exchange. However, blood [HCO 3 -] and pH remained stable between 24 and 48 h of exposure time, and no additional compensation of acid-base status occurred.
In vivo 31 P NMR revealed a very minor, but significant, decrease in pH i , from a value of 7.534 ± 0.017-7.502 ± 0.020. The significance of differences between pH i under control conditions versus hypercapnia were analyzed using a Sigmoidal dose-response fit. Deviations from the model were found not to be significant using a Runs test. The decline in pH i began immediately with the onset of hypercapnia, and remained throughout the 24 h of Fig. 4a . The decrease in pH i was not accompanied by measureable fluctuations in intracellular phosphagen levels. The Pi/PLA ratio remained stable over the entire experimental period (Fig. 4b) . The linear regression fitted through the Pi/PLA ratio did not significantly deviate from zero.
The animals displayed rapid recovery towards control levels of ventilation frequency, 20.62 ± 0.71 bpm, already 4 h after the cannulation surgery (Fig. 5) . Ventilation frequency values significantly increased with the onset of hypercapnia, and stabilized at an elevated value of 22.79 ± 0.90 after 24 h of exposure. A sigmoidal dose-response fit was also used to analyze the time course of changes in ventilation frequency. Deviations from the model were found not to be significant using a Runs test. Figure 6a illustrates the changes in blood pO 2 in cuttlefish under control conditions and during the subsequent time course of 48 h CO 2 exposure. Control values measured in mixed venous blood, returning from the cephalic region through the AVC, were 1.38 ± 0.42 kPa. During acute hypercapnia there was a significant, but slight, increase in pO 2 to 2.66 ± 0.17 kPa. The increase was transient, and returned to control levels after 24 h.
Discussion
This study reports the first in vivo measurements of extraand intracellular acid-base regulation in a decapod cephalopod over a period of 2 days. Previous studies have measured in vivo blood parameters on the time scale of several hours (Johansen et al. 1982 in cuttlefish; Pörtner et al. 1991 in squid) . The stability of our catheter preparation (supp. Fig. 1 ) enabled us to collect a greater number of blood samples over a 48 h period. Since ventilatory frequency was measured simultaneously to our sampling procedure, we were also able to selectively measure control blood values in S. officinalis during periods of rest. The low degree of variability in our measurements reflects this improvement in the sampling method. Ventilation patterns indicate a rapid post-surgery recovery (Fig. 5) and suggest that the experimental animals remained in a stable physiological condition during the entire experiment. The in vivo blood parameters we measured match those of the prior study on S. officinalis (Johansen et al. 1982) . The blood pH values we measured in the AVC (7.67 ± 0.04) are very similar to those of Johansen et al. (7.63 ± 0.08). However, Johansen et al. (1982) measured 1.5 mM higher [HCO 3 -], which leads to the calculation of slightly higher blood pCO 2 (0.33 vs. 0.22 kPa in the present study). Whether the slightly higher pCO 2 in the study of Johansen et al. resulted from the larger body size of their cuttlefish (1.5 kg) and correspondingly higher diffusion gradients across the gills, remains to be investigated. Overall, our optimization of the cannulation preparation allowed us to accurately measure cuttlefish blood acid-base parameters in vivo and quantify acid-base regulation in response to elevated seawater pCO 2 over an extended period of time.
The compensation of acid-base disturbances elicited by hypercapnia is accomplished by proton equivalent ion exchange in most organisms (Cameron 1986 reviews invertebrates, Heisler 1986 reviews fish). According to the reactions between H ? , HCO 3 -ions and water, the removal of H
? ions results in the same effect as the addition of OH -or HCO 3 -, during a compensatory reaction in body fluid compartments. However, it is still unknown which species of the acid-base relevant ions is actually transferred across the regulatory epithelia in most marine organisms, including cephalopods. In the subsequent text we refer to the general compensatory effort as HCO 3 -accumulation. The following discussion compares the acid-base regulatory ability of the cuttlefish to that of more inactive invertebrates, decapod crustaceans, and to that of teleost fish. We focus on discussing experimental work performed under comparable hypercapnic regimes and time intervals (see Table 2 ).
Sepia officinalis exhibited a pH compensation pattern which typifies organisms with a considerable acid-base regulatory ability. In response to acute 0.6 kPa CO 2 exposure , the cuttlefish partially compensated the respiratory acidosis present in its blood through a rapid increase in extracellular [HCO 3 -] to 9.8 mM within 8 h and a stable value of 10.4 mM after 24 h. The HCO 3 -accumulatory response we measured in S. officinalis is considerably higher than that of inactive invertebrates examined in recent hypercapnia studies (Table 2 ). Work done with the sea urchin Psammechinus miliaris, at pCO 2 's of 0.24 and 2.31 kPa, found that [HCO 3 -] in the coelomic fluid passively followed the non-bicarbonate buffer line with increasing pCO 2 . This resulted in 0.5 and 0.9 unit decreases, respectively, in pHe during 8 days of exposure (Miles et al. 2007 ). In contrast, the mussel Mytilus galloprovincialis partially compensated the respiratory acidosis induced by exposure to 0.5 kPa CO 2 , and thus limited the decrease in its hemolymph pH to 0.23 units. However, the compensatory effort only involved a 2.4 mM increase in [HCO 3 -]e over a period of 8 days (Michaelidis et al. 2005) . Additionally, the source of acid-base relevant increases in bivalve hemolymph [HCO 3 -] has been primarily attributed to dissolution of shell CaCO 3 , and not to active ion-transport by regulatory epithelia (Lindinger et al. 1984; Dwyer and Burnett 1996) .
Calcifying marine invertebrates that are weak acid-base regulators may experience shell dissolution during exposure to pCO 2 levels high enough to lower the calcium carbonate saturation state of seawater (X) to\1. Elevated hemolymph Ca 2? and or Mg 2? concentrations in both M. galloprovincialis, and P. miliaris during hypercapnic exposure have been interpreted to result from the dissolution of calcified structures (Michaelidis et al. 2005; Miles et al. 2007 ). The contribution of elevated [HCO 3 -] from dissolved structures, to the compensation of acid-base equilibria, was found to be negligible in P. miliaris (Miles et al. 2007 ) but played a significant role in M. galloprovincialis (Michaelidis et al. 2005) . More then equimolar increases in hemolymph [Ca 2? ] compared to [HCO 3 -] were found in M. galloprovincialis during 8 days of exposure to 0.5 kPa CO 2 . Lindinger et al. showed that similar increases found in [HCO 3 -]e of Mytilus edulis during hypercapnia, could be reproduced in hypercapnic seawater containing cleaned mussel shells due to the dissolution of shell CaCO 3 (Lindinger et al. 1984) . In S. officinalis, the rate and magnitude of HCO 3 -accumulation during acute exposure, along with elevated calcification rates under long-term hypercapnic conditions (Gutowska et al. 2008) , led us to conclude that cuttlebone dissolution did not contribute to elevated blood [HCO 3 -]. As in fish, active ion-transport processes must be responsible for this response (e.g. Deigweiher et al. 2008) . The identification and localization of the relevant transport molecules involved in the compensatory HCO 3 -accumulatory response remains open to investigation. As to date, almost nothing is known about the gill ion-transport machinery in cephalopods.
Despite the rapid acid-base regulatory response, S. officinalis did not fully compensate its extracellular pH (pHe). Blood pH remained 0.18 units below control values over the course of the 48 h exposure period. If pHe was to be fully compensated at a blood pCO 2 around 1.0 kPa, S. officinalis would need to increase [HCO 3 -]e to approximately 17 mM (see Fig. 3 ). However, the time course of HCO 3 -e accumulation does not suggest that such values would be reached: [HCO 3 -]e followed the typical hyperbolic regulation pattern found in many other powerful ion-regulators (e.g. Claiborne and Evens 1992; Toews et al. 1983) , with 90% of the accumulatory response already being accomplished after 8 h. Marine organisms that have been shown to fully compensate pHe typically do so within one continuous HCO 3 -e accumulation regulatory reaction, often within 24 h. However, due to time limited periods of viable cannulation it is unknown whether a slow phase of bicarbonate accumulation complements compensation during long-term exposures.
The high acid-base regulatory abilities of crustaceans and fish have been widely studied and their compensatory capacities have been nicely summarized (Whiteley et al. Values are expressed as means (SE). Sea urchin P. miliaris, 3-5 cm test diameter 10°C (Miles et al. 2007 ); Mussel M. galloprovincialis, size n.d. 18°C (Michaelidis et al. 2005) ; Cephalopod S. officinalis, 300-700 g 17°C (this study); Crab C. magister, 500-1,000 g 10°C (Pane and Barry 2007) ; Teleost S. aurata, 50 g 18°C (Michaelidis et al. 2007 ); Teleost G. morhua, 230-525 g 12°C (Larsen et al. 1997) x, SD \ minimum readable from figure Maximum DpHe, maximum pH decrease measured in the respective study during acute hypercapnic exposure 2001; Claiborne 1998). A recent study of the effect of hypercapnia on Cancer magister has shown that the species increased its blood by 12 mM within 24 h in response to a pCO 2 of 1 kPa to fully compensate pHe (Pane and Barry 2007) . Studies on Carcinus maenus and Callinectes sapidus also indicate similarly high acid-base regulatory abilities (Cameron and Iwama 1987; Truchot 1984; Henry and Cameron 1983) , as do studies on teleost fish, where rapid and complete compensation of pHe during moderate hypercapnia is accompanied by [HCO 3 -]e increases in excess of 20 mM (Larsen et al. 1997) (Table 2) . Thus, some decapod crustaceans and teleost fish appear to be even more powerful ion-regulators than the cuttlefish S. officinalis. However, our results could also be interpreted in a different way: Cuttlefish display rapid HCO 3 -e accumulation that is sufficient to maintain proper functioning of their respiratory pigment, hemocyanin, but avoid the increased energetic costs that go along with full pHe compensation and the maintenance of very high blood and [H ? ] gradients. We explain this possibility in more detail in the following paragraphs.
The acute intolerance of more active cephalopod ecotypes (squid) to ocean acidification was initially hypothesized by Pörtner et al. (2004) . This idea was conceptually based on the high pH sensitivity of oxygen binding to the blood pigment, hemocyanin, in oceanic squid Illex illecebrosus (Pörtner 1990) . A 0.2 unit decrease in blood pH was calculated from the blood non-bicarbonate buffer line (b NB ) in response to a hypothetical exposure of 0.6 kPa CO 2 . Taking into consideration the steep slopes of the oxygen saturation curves along the in vivo pH range, a 0.2 pH unit decrease would reduce hemocyanin saturation by about 50% and lead to lethal asphyxiation.
However, the present study demonstrates that blood pHe does not follow b NB when S. officinalis is exposed to hypercapnic conditions. Rather, the bicarbonate accumulation response sets in immediately and prevents the drop of pHe below 7.5. At a blood pH of 7.5, hemocyanin function does not appear to be significantly compromised in the cuttlefish: Fig. 6b illustrates the comparative insensitivity of S. officinalis blood to a 0.2 pH unit reduction starting from the in vivo pH value of 7.67. Oxygen saturation curves for S. officinalis blood (measured at 20°C) are replotted from (Zielinski et al. 2001) in Fig. 6b , along with the in vivo blood pH value we measured adjusted according to alpha-stat pH regulation pattern (Reeves 1972) . Assuming an arterial pO 2 around 13 kPa (Johansen et al. 1982) , only a very slight decrease in arterial hemocyanin oxygenation (\5%) is evident in response to a 0.2 unit shift in blood pH. Slightly greater changes in hemocyanin saturation are evident in the venous blood. Tracing a 1.7 kPa O 2 isobar, which is relatively close to the 1.38 kPa venous pO 2 measured in this study, hemocyanin saturation is reduced by about 10% in response to a 0.2 unit pH shift. The relative insensitivity of hemocyanin saturation to limited pH changes in S. officinalis protects the cuttlefish from oxygen limitation during acute hypercapnia exposure. It is important to keep in mind that if no active HCO 3 -accumulatory response had taken place, blood pH would have fallen below 7.3, and consequently reduced arterial saturation by at least 20%. The acid-base regulatory response in S. officinalis during hypercapnic exposure significantly reduced the decrease in pHe thus allowing for the maintenance of full oxygen transport pigment saturation.
Acid-base regulation in response to hypercapnia has not been directly measured in the most active cephalopods, oceanic squid. However, acid-base regulatory changes in I. illecebrosus and Loligo pealei were studied during exhaustive exercise (Pörtner et al. 1991) . When blood pCO 2 rose to 0.37 kPa during jet locomotion, a 1.7 mM increase in [HCO 3 -], likely released from the musculature, protected the blood from acidification and thus maintained hemocyanin saturation in arterial blood (see Fig. 5 in Pörtner et al. 1991; Pörtner 1994) . The tight regulation of blood parameters by I. illecebrosus in order to optimize hemocyanin function, most likely goes hand in hand with a high capacity for acid-base regulation. It is probable, that like the cuttlefish, I. illecebrosus is capable of accumulating significant amounts of compensatory HCO 3 -in response to hypercapnia. In order to fully compensate its pHe during exposure to 0.6 kPa of CO 2 , it would need to accumulate approximately 5 mM of HCO 3 -. This is based on the assumption of a blood pCO 2 of approximately 0.8 kPa during exposure, as control DpCO 2 between blood and seawater is approximately 0.2 kPa (calculated from Fig. 5 , Pörtner et al. 1991) . The HCO 3 -levels that would be present in the blood of I. illecebrosus if pHe was fully compensated during hypercapnic exposure, are much lower than those in S. officinalis. This is because the acid-base equilibrium in squid blood is shifted in a more acidic direction compared to that of the cuttlefish (see Fig. 5 in Pörtner et al. 1991) . As the acute sensitivity of both squid and cuttlefish to hypercapnia is highly dependent on the magnitude and rate of exposure to elevated CO 2 , further work is needed to define their tolerance limits.
During hypercapnic exposure, CO 2 diffuses into both the extra-and intracellular spaces, creating the potential for intracellular acidification and subsequent disturbance of vital biochemical processes. High non-bicarbonate buffer values in the intracellular space, about twice as high as that of blood, serve as a buffer reserve and facilitate efficient pH i homeostasis (Boron 2004) . In several studies of invertebrates, a preferential compensation of pH i has been shown when pHe values remained uncompensated during hypercapnia exposure (Michaelidis et al. 2005; Pörtner et al. 1998) . It is worth noting however, that the compensation of pH i depends on the time course of pHe regulation and is supported by extracellular bicarbonate accumulation (Pörtner et al. 1998 ). In our study, S. officinalis did not fully compensate for acidotic shifts in either pHe or pH i during the first 48 h of 0.6 kPa CO 2 exposure. The decrease we measured in pH i , was very minor at 0.03 pH units, but still significantly different from control values over the entire 48 h experimental period (Fig. 4a) . The 0.03 pH unit decrease we measured in pH i during acute hypercapnia, versus 0.2 pH units in pHe, reflects that intracellular pH is regulated at a lower level than pHe, thus it requires less bicarbonate accumulation for the compensation of intracellular acidosis. It is questionable if the very minor 0.03 pH unit decrease we measured in intracellular pH during acute hypercapnic exposure to 0.6 kPa CO 2 is a physiologically relevant stressor for the cuttlefish S. officinalis.
The close regulation of pH during acid-base disturbances is energetically costly as various ATP dependent transporters are responsible for the maintenance of organismic acid-base homeostasis (Dubyak 2004) . One way that the potential increases in metabolism can be monitored, is by examining fluctuations in intracellular phosphagen levels e.g. (Storey and Storey 1979) . Working with in vivo 31 P NMR, Melzner et al. (2006a, b) showed that changes in intracellular phosphagen levels during the upregulation of metabolism in response to exercise were quantifiable in the mantle muscle of S. officinalis. During spontaneous activity, concentrations of PLA, a rapidly available energy reserve, decrease in the mantle muscle of S. officinalis. Transphosphorylation of PLA helps buffer cellular [ATP] when muscle fibres require rapid ATP provision, but also leads to the accumulation of inorganic phosphate. Using the same method, we monitored the Pi/PLA ratio in mantle muscle of S. officinalis during hypercapnic exposure, and found it to remain stable over the entire experimental period (Fig. 4b ). This demonstrates efficient pH i regulation and that anaerobic metabolic pathways were not challenged by providing the extra energy demand for acid-base regulation during hypercapnia. Stable ATP, PLA and Pi concentrations during minor decrements in pH i are indicative of the balanced thermodynamic environment (i.e. a high Gibb's free energy of ATP hydrolysis, Kammermeier 1982) that is necessary for the proper function of cellular ATPases. This is in contrast to previous work on less active invertebrates that are weak acid-base regulators.
In the worm Sipunculus nudus the transient intracellular acidosis, caused a significant increase in the Pi/PLA ratio and in concentrations of free ADP and AMP (Pörtner et al. 1998) parallel to metabolic depression. The stable Pi/PLA ratio in S. officinalis, and its implications for metabolism, are in line with results from a prior study, where whole animal standard metabolic rates were shown to remain stable during acute hypercapnic exposure (Gutowska et al. 2008) . This stability indicates an immediate regulatory response to the hypercapnic stimulus. The very slight increase in ventilation frequency we measured in this study, also suggests that oxygen demand was not significantly elevated during hypercapnia. Using the correlation between ventilation frequency and oxygen consumption rate from (Melzner et al. 2006a) , the 2 bpm increase we measured during acute hypercapnia corresponds to a less than 5% increase in whole animal oxygen consumption. It is quite apparent that the cuttlefish species is not only an efficient acid-base regulator, but is also able to do so without disturbing metabolic equilibria in characteristic tissues or compromising aerobic capacities.
Conclusion
This study, together with a companion paper (Gutowska et al. 2008) , provides evidence that maintenance of whole animal growth rates by invertebrates during long-term hypercapnic exposure could be supported by significant acid-base regulatory capacities. Previous work has shown that the cuttlefish S. officinalis is capable of maintaining control growth rates and food assimilation efficiencies during long-term exposure to 0.6 kPa CO 2 . Here we show that the acid-base regulatory response of S. officinalis is considerably greater than that of less active invertebrates which have also been shown to be much more sensitive to hypercapnia. During acute exposure to 0.6 kPa CO 2 cuttlefish rapidly increase their blood [HCO 3 -] to 10.4 mM and partially compensate the hypercapnia induced respiratory acidosis. However, blood pH still remains 0.18 units below control values. The observed time course of [HCO 3 -]e accumulation also does not suggest any major increases beyond the initial 48 h exposure period, thus it is likely that blood pH remains depressed over longer periods of time. As we measured control growth, and elevated calcification rates in S. officinalis during a 6-week exposure at the same pCO 2 (Gutowska et al. 2008) , the possibility exists that some molluscs may be able to maintain performance levels under hypercapnic conditions despite a 0.2 unit acidotic shift in pHe. This is an interesting consideration, as a similar decrease of approximately 0.2 pHe units during acute hypercapnic exposure in the bivalve Mytilus. galloprovincialis was correlated with acute metabolic depression to 40% of normocapnic values and a 55% reduction in long-term growth (Michaelidis et al. 2005) .
The response of S. officinalis to hypercapnic exposure raises questions concerning the potentially broad range of sensitivity to changes in acid-base status amongst invertebrates, as well as to the underlying mechanistic origins.
The association of uncompensated acidosis in the extracellular space with the onset of metabolic depression during hypercapnia has been proposed to occur through a reduction in ATP cost of intracellular pH regulation, in a recent model based on experimental work with the infaunal worm Sipunculus nudus (Pörtner et al. 2004; Reipschlager and Pörtner 1996; Pörtner et al. 2000) . However, further studies are needed to better characterize the connection between acid-base status and animal fitness in various marine species, especially during long-term hypercapnic exposures and at lower seawater pCO 2 's. More work in this direction is particularly critical if we aim to predict the sensitivity of marine invertebrates to ocean acidification based on their acid-base regulatory abilities. An intriguing possibility exists that extracellular sensing and regulation in the cuttlefish are predominantly focused on adequate oxygen supply, rather than on strict control of pCO 2 /pH, as cephalopods rely on highly efficient blood oxygen extraction to support their high metabolic rates and low blood oxygen carrying capacities (e.g. Melzner et al. 2007a; O'Dor and Webber 1986) . This hypothesis remains open for future investigations.
